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ABSTRACT

An analysis of microseism ground motion at

Palisades and Weston in made on the basis of both statistical

and individual wave studies. Data from three-component

seismographs ame utilized for the study of six microseim

storms, The results of both methods of groiund notion

analysis show that the mkcroseinms studied for Palisades

and Veut*n are either puo' Kayleigh waves or cembinontions

of Rayl•gth waves apyroaoclin from different diretionse.

The study also tends to support earlier findings or uee

that a relationship seom to exist between certain

uicroselm parameters and local geolocqy. The use or the

data to determine wave approach directions on the assumption

ot Hla7eiCh waves supports earlier reports of retraction at

the continental borders,, and t*,Lves rurther evidence for

the existence or a microsesim discontinuity at the narCLn

or the continent in the vicinity of L=& Island.
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INTRODUCTION

Since the earliest disuusuion and naminig of

microseisms b7 Bertelli (1) much attention has been given

to the still-unsettled problem of origin of the 2-10 sea

miorooseiss. However, studies of mioroaeism ground

motion laged behind long-range statistical studies

involved In correlation with factors of possible originj

e.g., Zoepprits (2)p Oeussenhainer (3), and Mendel (4),

These, and other early studies did serve to show str5kIng

variations among the three •noponents at a given station

and amaon different stationse

With the wider application of the three-component

ueiamoEraph to the study of microeeisms, which began In the

1930a, \Lee (8, ,,,8), Leet (9), Wadati and Pasuda (10)

and Archer (11), and more recently Ramirez (12), Wilson (2Z),

Leet (140 16), Kishinouye and Ikegami (16), d'Henry (17),

and Ieeta~ml and )Khenouye (18, 19)J a more complete picture

of total Lround motion has been obtained for each of the

atations stialiedo. Scriehat divergent observations have

resulted from these investi4,ations so that microoaelma have

bean described for some looalitips as essonttsilly Rayleirh-

wave type motion and for others an a oombinAtion or H47¶sh-

and Lovo-wave type motions. Since vnr-y few kttcmpta at a

complete study of microseism Crriund motion bave been published
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for North Amerioanstations it is hoped that this work

will add valuable data to the problem of the nature of

nicroseisrs, especially in view of the differencos in

current obsorvations.

"The seianograris used in this study were from

instruminta with the followirQ: charactoriastics

Palisades - 1 and E; T0 -12 and 13 rospectivoly, T L=13
SZ, To0 ll, T k; I4

Weston - lone-period Senioff, N,r,Z, TO=I, TS910.

Calibration curves are available for the Palisades

instrnMlnnts. Long: use of those curves in earthqitake studies

have Indircttd their reliability for waves of 20 sea or

longer. To check the reliability of the data an Instru-

mauntul roaponee for shorter-period ,iaves, Rayldigh waves

(R) for tho A'taolan shock oi I'fy Ob, 1950 vere measured

on Piclianios records. 7hose waves, with periods of about

iJ.5 to 12 sncntI5 6roe close to tVo .dcroseLam periode rnnre.

%,11aho '41%avra shollarl orbital i-ntinns typloal of Rtayleig-h waven

and anlo shainrd i-ood horir.ontal polnrity v':.ich in' ecnted 1

the direction 01' thn opicenter to within a ioer dei.meas.

Tha lcn:nr axes of the orbits showo(l pronounood inclination

in the r'.iroction of prope•'stion an is shown by those of the

microsnisns to be j-ivon later. It is concluded that the

inatrurental response is alao known with sufficient ra-

liability in the microseian rane,-jaof' periods, in the case of

the Palisades Instrurents. The Wostun clata was obtained
'j
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from matched Bonioffs for which no calibration curves

were available, However the uniformity of the results

to be given later indicates that differences from expected

phase response and ragnification arnxg the components are

within such sufficiently narrow limits as to have no

serious effect on the results and conclusions.

A total of six. microseism storms were selected

for investisiatlon with Weston records available for one of

these, The storris were selected so as to include a wide

range of periods (about 3 to 0 see) and for meteorological

conditions that appeared simple; in addition to cases that

were close to the tine of initial calibraticr., of tho instru-

ments.

STASM.'V.AL ANALYSIS Or P)HAS= W•.TO)1"HIO S
AWONG 7•1 .'s , C7POIO?.T3

'Te procedure used hre ins based iopon that

described by Lee (0). All measurenents and calculations

were made every six hours durinc the six microsolm storms,

with phuase neasureannts beant recort~od tor one-hmidrod waves

In close se(utence. Contiriucus ncnastre.eints woe' nde at

the m3inute netrks and at ten-sec intervalm until one-hundred

waves identifiable on n~l cmruponents were inclided. This

covered nbout thirty :.Unnutes. Accordinr• to the system of

Lee and others, n Niuvo cycle is dividod Into sixteen parts

with the phna. annlone rrsetatonr by the potrits of fliviaion

beln4 t iven raiztbers frorn "0" to "15" in the :innner shoyri in

Fil;. 1. In rolinftbility riensuroi:onts It .'ns I'o krit thint the

Best Available Copy



precision of phone roadinrs w;as within one unit.

To c1pRare the ý:round motion sho'im by cach component,

the phase differences, Z-E, Z-1; and N-F were detotrm.Lned

for nach one-hundred waves moasured. Phase differences

of instrumnntal oriL'in-wnre retenmined to be abdout 20

,'e.,.reps For Z-7" and Z-7i, ond 5 dlejrees tor 11-r, ;'or the

mioroseisn period studiod. '!h" finnl roemlto wore corrected

for those orrors in a nmaner t lvwm Intor.

I'ia froqvenoy of occiirrence o nnch of the oixtnen

possible phnn elitffnreicea vins deternined anti three fretluoncy

distributions (corrieesondini to #-"!, an- od I'-T:) Wnro

obtained. The frequency vnlimm in theinn distributions were

smoothed by ovnrlapjing m,," htud ,,roupl 01' ifive vnliima an

.iven in the 'orriula

a•n Fn UP "'- 3Fn + 2F F-+•
n"~ n-2~ 11- '0n + * n+".2

Whnrn F'n it the snoothed 1'reqiionc, md

isn I the nunber of observations of any phame iiliference, (n).

Table I jiven smoothed peronntNwe-frclquency distri-

butions of phane dlffnrences for the microeeiw• mtoris

studied. To indiente tlie order of period Involved, the

averase ;,oriod of only 1thc vertica., T., Is j-1von for rach

case since no s4;nificant or constant differences occurred

oaone the coripononts. Wilson (1,3) however, fomzd that the

periods of the horizontals at Berkeley were consistently one-

half sec lonLer than those of the vertical.



Table I shows a preponderance of phase differonco

distributions at certain valiss, as shown by the umder-

scorini,. Table Il kives a nmurerical suwiiary of the most

com.only occurrinU phase differences shown by underacorinv

in Table I. For the N-r distribuxtion, 0 and 180 deftreos

are most froquent, nlthowih '?able I show., that all possible

phn.,r differcnces nre represented. Mhe conbined results

for Z-N a:nd Z-:: at Palisades show znost frequent occurrence

at either 135 or 3115 dere res. I or Weston most frequent

occurrence foi- Z-?; and Z-". is at either 112 1 or 2021 de/-rees,

with all possible pha.-in diff'rences a4,_ain beinC represented

in Table 1.

Consi(lnrin, the -etro,.r'n, ae!a.i:.aic raA•'ent ct

nayloet-h waves r-nd the l:t'ct *h.at an up-trace :,oove".nt on the

so~sn€o,.. •i-ied corres.,onos to 4 ;round notions that are eant,

north or up., t~he phase dfl'oerinces bh'tween the vertical and

the horizontals should be iw) or 270 dot-rees doe'endtln# on the

(tirectio of' wave npronch. kurther, the differences between

north-south armi e,,L-,rst ro:iponents should be either 0 to

PlO de( rees, atain delpndinon on the d'irection of approach.

Clearly the observed phane differences for the

horizontals (:-! in the tables) are In l ood am4 reenent with

:ayleoijh wnve theory, but are 45 and 221 dot:rees too larl:e

for the differences between vnrticnl and horizontals (Z-?,

Z-r.) at Pnlinndes Pand '.,oston rmspncttvely. However, if

the intrmuonntal correction of nbout 20 del roes (t ivrn ),y

Best Available Con"
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calibrations) is made for the Palisades results they

would thor match those for Voston. (lo correction is made

for the natched Weston coraponents). This leaves for both

statlons a residual difference between observed and theo-

retical values for Z-N and Z-'. of about 25 deCrees, which

was also found by Ite (5'). Recent theoretical work of

Calo- ('.0) •a. apply as an approximation to a layered

cruIst. (cloi showed that the axes of the elliptic

;artic>, paths in ha:'leij wave motion should bo inclined

Ln an 1:ifinite, Isotropic, visco-clastic mod~iu which is

e•-4mrR•le t< -- e averale rock of the earth's crust.

Prestt'by the a.oount of Inclination will be affected by

both laserg-Ir and rock type. Dobrin (21) and 'Itler (42)

v"e rc-entl1 re-portod on inclinations of 4aylei'h wave

o.-rits :or.--.ced In explosion seismology.

Aisqti, thot tie otserved nicroseisna approached

frcr-. t.e coast (etast) and #hoerally fron the diroction of

tV.e -. et nbvinus 11teor• o ictU ':isturbances, the observed

:• ,. ,: Ti3- i-. !'-rotc rcrn. w',"u orbital notion. It

• L-.•r •-•, t -. r,.t.•.nt ayi-j •.ichanin%.• caiininf i,round

-.-~'. ) "..-.'e "- el~ttc ;,t.Ls woult: nppear to explain

... ,.. '-~:v . •, t nii, ht not produce retro-

. c • .-. '' 2.-o:r, • ',i, ..-'.'r •,r 'ut'nibnrt. (42,) for nxnnl)lo

I. - " , '-c .,. 11!, co pll , 0ro,:11C tMlu 1 llij tic I otion

Best Available Copy

'f- ,.4"2



"-8-

the distarces of most atmospheric disturbances assooiated

with microseism storms.

STATISTICAL ANALYSIS 01 A)PLI-,TTE FELATI(ThST'IPS
A0O11V T1, T71•,' CM'PONTN'1S

Durinj. the intervals in which phase measurements

were made, the amplitude and period of the largnst wave in

each minute was also recorded, For each of the components

the mean anplitudes , and were.computod at each

observation tine of about 30 minutes duration, 1'ron this,

the mean horizontal amplitude,

7Nj 1 ( XF *ý

was computed. The ratio of the mean horizontal to the mean

vertical amplitude (I/Z), and also the ratio of the horieontals

A were determined.

In Table III note that Weston amplitudes are Civen

as trace anplitudes (rantnificntion curves were not available

and no correction was considered necessary), whereas fro

Pnlisades ground motion amplitudes arv given. Oround

amplitudo calculations are based on the nautciption of

continuous sinusoidal waves. AlthoWuh this is inadequate,

the results lor a particular instrurirnt type would be nffectnd

in a sinilar way for a t.ivnri wave form. Since this study

essentially considers anplitude ratios, the above considera-

tions can be neglectod.

Although the periods and ground amplitudes for

Palisadon appoar to be Loparally proportinnal durlnn the
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progress of any particular microse•m.s storm given here,

they are unrelated when the data for all the storms are

considered together.

To consider the ratio T,/ X, for both stations,

it is noted that these values are •enerally unrelated to

period. This would be expected on the basis of Raylearh

wave theory, where this ratio is a function of the direotion

or approach. According to Table ZZZ, vR enerally

lies between 0.3 and 0.8. On the aseumption of Rayleoih

waves certain interpretations can be riade which are Civen

in a later section.

A definite trend exists for the relationship

between I, Zand period TZ which is made clear when

1-raphed, as in FLC;. 2, where the curve shown has been

drawn by eye to fit the points. Zn Fig. 3, similar

empirical results for DebIlt are taken from ee (0), who

used nonthly means. Uee's theoretical curve is also j;Lven

In this f1gure and is derived from the theory of Rayleaih

waves propai.tod in a system composed of 1;ranite overlain

by a slAyer of lower velocity and dernsity. Ilia calculations

reveal that the amplitude ratios at all poeriods should be

generally lower when the elastic properties of the layer

are closer to those of granite, 1atios of horizontal to

vertical amplitudes are lower for Palisades than for Dellilt

[which may thus be explained by the latter being on a recent

"weak" formation compared to the more compact rocks in the

fW



vioinit-y of Palisades. The mplitude ratios for Palisades

conform to those expected freom theory for such conditions.

tests theoretical curves which is peaked at 5.5

sees has been calculated on the basis of 1.6 km of clay

on granite, and acoordinr to his work, would be displaced

toward shorter periods for thinner surface layers. Althou&h

Palisades rests on a layer only about .5 k thick consisting

of Triassic sediments with a portion of the Palisades

diabase sill Included, coastal plain and shelf sediments

begin a few kiloneters eastward from the station. These

extend eastward for scores of kilometers and thioken to

more than 2 km. N1o specific conclusions are drawn from

this, however., the resemblance between the two curves

suCgests that the mioroseiasn studied behave like Rayleigh

waves, and that they nay be used to reveal certain Cross

geologic features.

Weston Is situated ongenisses and sohists In a

reL1on of iineous and metamor'phic rook whome elastic

properties are presvutably closer to those of rranite than

are thnee properties for the sediments and sill at Pallsades.

Although the Weston data are too few for graphio treatment,

the d, "XZ ratios fromi Table III are oonsiderably lower than

those for Palisades, and thus also conform to Lee's theoretical

results obtained from Rayleigh wave theory.

U
-,/i
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ANAI'SIS OF INDIVIDUAL WAVE MOTION

From each of the mioroseism storms studied

statiatioallY3 several one-minute intervals exhiehbiting

regular waves identifiable an each component were selected

for detailed atudy, It is emphasized that selection was

made only on the basis of wave coherence on each of the

three oonponent records., Moasurements of amplitude wore

made every half-aecond d'urirn these intervals. Particle

trajectories in each of the priine planes were reconstructed

by plotting trace amplitudes for both staticnso Ito correcticns

were considered necessary for ruanification and phase response

for the Weston datao However, certain corrections should be

considered for the Palisades data in view of the sall

differences of instrumental rmeponse. 'iosee will be

considered in the discussion of the trajeictoriaes

An example of the results ror the ricroseim &to=m

of October 13, 19bO, and the traces from which they were

derived,, are shown In 'ig,,. 4.* The V eneral appearance of5

the particle paths is typical of the results for each of

the microaeism atoms studied, with similar cdia:rmis for

the other five atoms bein. .given in Pir. 5,. Lach sequence
hi

of orbits represents a ricromnism 1:roup, usually of three

or four coherent wave cycles@ The wave orbits have been

meparated to present as clear a pictu~re of the trajectories

as possible.

LIt i evident thnt the motion in the vertical

planes (11S and 7I) are elliptical as was derived frorl the
!.



precedint study of amplitude ratios, and show varying

degrees of distortion. Sall distortions are probably

the result of background-level oscillations not apparent

on the traces. Oross distortions of the ellipses have

been correlated with ausyetrio waves, whose distortions,

although not visually apparent, am brow~ht out in the

mOasurements,

Although no instrutmental corrections are made

here, consideration of magnifioations and phase differences

ror the Palisades oomponents indicates that the only

corrections necessary would involve a variable decrease

of the vertical coordinates of the ellipses. This decrease

would vary from about 25 percent for periods belw 7 sea to

zero at 7 seo. Nlo signifioant rotation of the orbits would

Occur.

It is apparent that the axe# of the orbital ellipses

projected in the vertical planes shown, are inclined. This

confirms similar conclusions derived i'ran the preceding

statistical study. Similar Inclinations have been reported

by many Investis:ators for Raylei(;h waves fron explosions

and earthquan'.es.

"To consiOnr the traJoctoriea In the horizontal

plane it is nuted from V16s. b and U tliat j•round motion

shown here in nearly always lInaarly polsrized. This is

expected an the basis of the statisticoal phlano tifforeoone

{-iven earlier. In FiL. 6, A on P', a strikinj: correlation
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exists for the decree and direction of polarity (BE)

for Palisades and Weston for the some times and same

n icroneism atomT. Instru~ental corrections would cause

a cecrease or about b decrees in the angle between the

north-south coorcinate axis awd the lorn axes of the

orbits and a decrease In the total east-weot motion by

about 20 percent for Palliades. The tendency toward

elliptio motimi In the horizontal traoecturies shown here

has been observed at other stations, leadirC to the con-

troversy over the type or types of selamic waves present

in mNiroseismas.

The most common Interpretations for this effect

have been that the observed niorosesina are either

combina•tions of Rayleeih anu Love waves or of pure Rayleirh

waves arrivinW simultaneously from difforent directions.

The former implies that most of the tiae elliptic horizontal

motion shoulti exist, with pure Haylei4h or pusre Love waves

being observed on occasions. aIT latter Implies that

elliptic horizontal notion may-be frequent, and that pure

Raylesih wave mt,tion should be observed whenever the waves

are unidirectional. Pure Rayleigh-wave type notion Is

coaon at Palisades and Weston according to the data shown

here. A careful exaz•ination of the records fr= these

microselam storms revealed onl7 one or two cav'es In each

one-hundred cycles in which Love wave motion was indicated

by horizontal motion with no accompanyInZ vertical motion,

-M -
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and such movement was always near background level and

usually incoherent. Althoukh microseisB w studied at

some localities seem to show a sinL.icant Love wave

contribution, those reported here seen to be pure

Rayleigh waves or coibinations of theme. Som departure

from linear polarity is antually observed for accepted

clarthquake Rayleih waves reoorded at Palisades, and a-,w-s

to be a result or interference. I'\wther, if the source

of these miorossiens be considered as the obvious marine

rieteorolojic disturftices, or iro, any marine efrectp

the sources would be generally eastward. 'ie rintlone

then shown In the diaq:rams would be rotrograde and compare

favorably with Rayleijh waves.

UP"I lqAIIO!0 ' " IN DIIIX(TI(W C* .,.'AVE APPROACY!

AssurdxqI the mioroselsms studied to be Haylei~h

waves it is possible to apply the data and results obtaino! here

to the determinat-on of the directions of approach. Based

on tho Rayleigh wave concept, each quadrant of approach is

associated with a certain sot of values ror the phase

differences Z-E and Z-11, &s is summarized in Table IV,

TA•IE IV

•' ~go O
W;90 270

SW 270 270
TMW 270 G0
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After correcting the phase differences in

Table I from the calibration data and allowine for the

inclinations of the elliptic axes, a dominant quadrant

Of" approach is found for each observation. To further

refine the direction, the ratio / • given In Table III

Is used to define the mean direction angle (O=Arctan E/Ml).

This is measured from north for northeast and northwest

quadrants, and from south for southeast and southwest

quadrants. In addition to these directions based on the

statistical data, directions were also determninM for Vhe

individual waves studie4 in the preceding section. In this

case the quadrart of approach is obtained from the comparison

of the particle rotation In the EW and N1S vertical planes,

and t.e direction angle, 0 , is the anele between the direc-

tion of eloneatlon of horizontal motion and the north-south

coordLzIate axis. 'ich directions were determined only for

the waves which showed 1lnear polarity in the horizontal

planes. 'nstrtvuontnl correctlons were applied to these

directions.

The r.otocrolot;ical disturbances associated with

the microseisms worn determined from marine weat~her charts,

and both the azimuths of th' cr-rt,,rsand the sectors

subtonided Ly the stors nt the stations, wore moasv.'Oed.

,able V. s51lUarlzOs thn direction results obtalnoc

fron t.he statistical data, fo,•,i '-'nl~lo VI. theo resul.ts frort

thn ir:vividual wave nanlysis. *ortbenst and southeast appZenr

Best Available Copy



to be the only quadrants of approach which is expected

for m~arine sources and tl-.e si.atiofl8-involved. In

teneral the computed directions of approach do npot

coincide with the aziznuths of the atorL! centers nor with

the sectors subtearded by the storms. Ajreenent between

conputod and observed directions is much better for atorms

that are northeast or southeast than for those directly

eastward. 7his tendency for approach directions to be

either northeast or southeast even when Fenernti•n areas

are to the east stronrly.indicates rofraction of microseigns

at the continental mar£tin. In most cases when hurricanes

moved fron south to north off the oust coast, approach

directions remained to the southeast until the storm was

well to the north of east. Then approach directions swinc

to hortheast nino. StronC refraction effects for earth-

quake hayletih waves were found by Press arid Ffwin4; (14)

to exist for periods less than 20 seonds with Indicntions

that the effect increnses for docreasinr periods. Tri-

partite sti~dies o: Dorm and Plalk (25) also indicate the

existence of refraction oV Mixcroselsms at continental

bor-ern.. The effect of swell trnvelinL to the coast in the

walre of the storm and betnj, responsible for this effect is

negated by earlier studles (27, 28).

Of further sil;nificance in this connection is t.he

strilcinj" tondency for east-west displacements to bo lower

than for north-south, as noted in Tablo O, edpecially when

atmospheric storms a)-o east of the stations. This appearn to
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be of saignificance since obsArvations reported in the

literature cited earlier jive horizontal amplitude ratios

from 0.5 to 1.5 for other stations, tPuther, no approach

directions from east were ever noted in this investiation.

This mriht be explained by saie propaj:ati=n discontinuity,

possibly struct-ural in nature, alonj the continental nargin.

An approximate enst-west orientation of thw discontinuity

is implied by the discrl.iinatlon akainat iiicroseaalas fro

the (ast at stationa alone: an approxiriate east-vnat line.

Such a discontinuity would havy tho sase trend as the conti-

nental shell' in this critical area. At!litudea or waves

frca the east would be low ow•inj to their 11101 nnole or

incidence on such a discontinuity. Previous Indications

of this have been IIvae by Donn (0d) frorn microseiam studies.

CO:;c L1!S•O:JS ...

l. TVe doninant type of miorosaiam ground motion

at Paloandes and Weston ressmbles that of theoretical

Rayleifh waves. 'This is based on both n statistical and

Individual anulysis of phase and amplitude relationships

for storm nicroselawsr recorded sifrultaneoua•.y on three-

conponont se6isoi,rnapha. 1',1roseisrw occasionally uhowing

elliptic rather than linear polarity in the horizontal

plane are explained as balnL corbinations of pure RayleCgh

waves fro- dif'ferent directions.

2. Gooloj;ical si.,nifiaanoe of three-component

mioroseism studies lies in possible datermination of 6:ýoss

structural features In the vicinity of a station.



Favorable oorrelation between observation nad theory

seems to exist for such studies made at Palisades and

Westonn However# those studies ar not considered to be

ompletes

3. The use of the statLstical aind individual

wave analysis data to determine the direction of wave

approach at Palisades and Weston given unmsatisaotory

results which can be explained by the existence or strong

retraction of mioroseisna at the eastern continental

border. A further implioat}on tfra direction and amlitude

studies is thm existence of a discontinuity, possibly

structural in nature, parallel to, and In the vicinity of,

the continental margin.

4

*1



RPEI"RTCE S

1. Bertelli, P. "Observacioni microsismeiche" Att. d.
acad. Pontifica do nuovi Lincel, Sees. 5.7.74.

2. Zoeppritz, K. "ItIcrosalaruische Beweguns" Selam.
Re~istr. in Gottineon, 1906 Acad. Gottine.en Nachr. Math.
Phys. K1., 1000.

3. Geussenhainer, 0. "i"n Beitrae zum Studium der zioden-
ruhe mit Perioden von 4-10 Sek." Dias. GottinCen 1921,
A-aszut: In Jahrb. d Philos. Aakultat GottinGen, Vr. 10,
(, eophysik, S. 73, 1921.

4. M~endel, H. "Die seiamizche Bodenunruhe In HamburC und
1hr ZuasamenhanE mit Blrandunt;* Diss. UamburEg 1929, Rev.
by 1. Schunemann, Z.F. Geophysik, V. 6, 32-41, 1930.

5. Le, A.W. "The effect of geologic structure upon
microaeiamLc disturbances" Yors. Not. RA.3. 06,e'phys. Suppl.
V.3, No. 2, 83-104, 1932.

6. "Further investigation on the effect of
geooT/icas aructure upon mlcroseismic disturbance" Von,
Nlot. R.A.5., Geophys. Suppl. V. 3. 238-2b4, 1934.

7. *T"he three components of nicroseimmic
disTurba'ice at Kew Observatory, Disc-ssion of the records
for 1932" Geophys. Hem. 'No. 36, 1-10, 1035.

8. _"On the direction of approach of microseluz
waves, P rc. Roy. Soc. Lon. Snr. A, H. t, 16, 103-109, 1935.

9. Loet, L.D. "Analysis of Now Min;land ritcroseisrs" nlerlands
fleitr. Goojphys. V. 42, 232-245,, 1934.

10. Archer,J. "On the direction of approach of microseanms"
"Von. Not. R.A.S., Geophy. Suppl. v. 4, no. 3, 184-106, 1037.

11 Wdatd+i Y and' K. I:asuda "Ot pulsatoric oscillations of
the Vround Geophys. Pa;. vV.9, 299-340, 1903.

12. Ramirez, J. "An exporimontal Invoatiftntlon of tho nature
and oritgin of inicroseiems at St. Louis, V'issouri" Bull. Sois.
Soc. Am. v. 30, nos. 1 and 2,, 3.-504, and 1.9-17p, 1940.

13. Wilson, J. "A statistical st•dy of the perioIs and
wiplitudos of riicronelsr.s" "rnrs. Amer,. fleophys. Thi. Pert I1,
228-231, 1942.

14. loet, L.D. "ricrosoaisr.s in Noew 1n'wclun - Cn.io history of
a storwi" 'eophysics, v. 12, U39-6), 1947.



-20-

15. "Microseisms in New England - Case history II"
Bull.Seis.Soc.Amz p v.38, no.3, 173-178, 1948.

16. Kishinouye, F. and R. Ikegami "A study of microseisms
after A.W. Lee's method" Tokyo Univ. Earthquake Res. Bull.
v.25, pts. 1-4, 43-48, 1947.

17. d'Jlenry, G. Sulla natura flsica sol microsismi"
Ann. Geof. v.3, no.1, 87-94, 1950.

18. Ikegami, R. and Kishinou1e, r. "A study on the propa-
gation of microseismic waves Tokyo Univ. Earth, Res. Inst.
Bull. v.29, pt.2, 305-312, l951.

19. "A study on the propagation
of mTcroselamrc waves w T-'fo Univ. Earth. Res. Bull. v.29,
pt. 4, 571-578, 1951.

20'. Caloi, P. "Teoria dolle onds RayleiCh in mezzi elastioi
* firmoolastici, caposta con le woCrafle vottorisL21i Arch.
fur 1:steor., Goriphys. u. Sioklimat. Ser.A Sand 4, 413-435, 1051.

21'. Dobrin Y. and R. Simon "Rayleigh Waves froa small
explosionsA, Trans. Amer. Oeophys. Un. v.32, no. 6, 022-832, 1951.

22. Eisler, J.D. "Studies of a seismic surface disturbance".
Geophysics, v.17, no.3, 550-559, IV52.

23. Outenbert., S. "3V arul.d 31" Tr'as. Amer. Oeophys. Un.
v.33,no.4, f"7.S-584, 1952.

24. Press, F. and K. 1wL'ig "Surface waves as alds in epicenter
location" Earth. ?otres, v. 20, no. 4, 1951,

25. Donn,, W. wid .t. Blaik "Stuyly and evaluation of the tri-
partIte-seis:ic nethod of hurricane locatIon" Tech. Rop. 19,
lAmont Gool. Obs., Feb. 1'•,2

26. Donn, 1. "ýyclonlc r•acroselsrus tnneratod in the western
North Atlantic Ocean" J. ,'.'otoor, v.9, no. 1, 61-71, 19.2.

27. "An Investigation of swell and microseisms from
the hurricane of September 13-16, 1946," Trans. Amer. floophys.
tUn. v.33 no.3, 341-345, 1952.

28. "A comparison of microselsma and ocean waves
recorsed In southern Now F.nland", Tech. Rep. 21, Lam2nt .;eol.
Obs., March 1952.



This research has been supported by Contract N6-

onr-271= , with the Offioe of Naval Research, and Contraot

AF 10 (122) 441 with the Deophysical Research Division of

the Air Porce Casbridre Research Center. Father F. 3.

Donohue, 5.3. generously made available necessary records

trom Weston ColleCe Observa tory. Weather data was furnished

by the U.S. Weather Bureau office at La Ouardia Field,, ar,

Island. Dr. Frank Press read and criticized the comple.ted

manuscript. The writers are very grateful to all of the"e

individuals and institutions.

I



TABLE 1. PHASE DIFFERENCE DISTRIBUTIONS
(SMOOTHED PER•CFNT AGE-FREQUENCIE S ARIE GIVEN)

PALISADES

DATE TIME PO-PH AE btrPERS Nc.E (QwG4.SS4
VVA 40o 1 rw '36 157I W 1 02h 225 247"4 270 2flf. 316 337f.

A4UG20 1900 X-E 8. 4.6 S.0 51. 5.4. 10 &1 7.7 1.1 to Sit 5.? 5.2 4 2
A f tos- 1.3 J.4 1. f 1 u 44 .",5Tft. t, P . O, /at

"•"-m fl.l I , t ' 7 . , 4.., ,, "• •#5.9 6 .4 V 4 I.7 1 .9g 1ýI, 7. 2 (02

A04-• I 1 0(00 2--.- 9 5. . 7.1 9.1 ft 2 1 4, 1 1. 9 1 1.7 5.1 0. 0. 04. . tq4 I . 4.93

AZ-5 1.4 A .1 7 t '. 1.1 1 0 9 .3 11 . 7 4. . % I. .. 'I L 7.0 4

AU. XIT~• 1,t00 "-X ,3• .3 5 ).0-% 8.9 1 I ts' ta. t W• 1. 0 .9 1 to4 16", I .9 1.7 1.4 t,4 4.74Z- . 5. .1, 4.4 4. 1 . 1 0 .• 6 . 7 S.0 7.1 7.0 1.4 4, ?.A 3 .7

se.'r 19: 7.LI 9. SiS Xi 3.3 .4. 7 1 t 0 5; 4 5 3* 4.1 6.0 13q

1.7 X(' r.1 8.2 14.1 mi 1.1 4.o 14 . J. q 47 .3. 4.5,4. 7• S.1 4 .x 4 .s .0 . •J. 4.7 .7 o. 7 .3 :2 1.1 .

1. 4. 7 1.) 3 5. Jf 1 .4 w a. o.9 4~ 4.8 Z9 A 1 1

tI-H 5.51.4 1.x I .% t2 " 7 &.6 6A 41.7 7.. 1 4. & 1.4 4. 0 4. 1 9-0 i

se~t4. I 1 2.00 2- .1 A 3 100 -4.2 . 2 1.) 10. L . q.0 . It2.9 2.1 a.* 0 . 1 3 .!5.12
5. . . 23 4.3 .q -7.A 10 1.7 /1. 62.1 12.1

SEP-T16 00o0 Z'-C 3.3 4.4 €.q i - .1 L t :• ,2-4 0s 3.5f 9: It 0.4 17 1. 1 4.I0

I 904-r 14.5 5 .1 3. 1.7 IL I.f ai.? N.t 0.1 2.7 F 2 4.0 S 2 T? i

N-E. 3.0 1i. 3.0 3.1 .1, 7. ? . 1 1. 3 ig1V 12.1 L4 5.7 i.3 77 Ii 4.,

, , 0oo -. 44 4.o 4 . 4.0 1.2 ,, 2j.3 : 1. , ., , .40 o .o o .o L
0-.l 4 . 4'.7 S, o 4.4 13.2 .41s a.

7t .1 C.e 4.0 f-6 J4• ."¢.0 S-0- a..It- l$.7 III k'q .0J ;. - :, tL)

S-0 4. .'sI . .7 C, .7 1.02 .1 CS 1, 1. 6 A

%Epr. 1200 I Z Doo-E q ,1 70,0 /. 2 11. 10,0 I F, I Co S, I1A 0. .

0._ 0.0 3.1 5.7r

X,- 0o.9 2.0 4. ). , . . .. • - 4.• U".S" *o t.I • o!

X-14 0.I mg~ iSo 9.1~ . 50 '.2 *.. * 7.1. & 3 _ 5. 4. 0.3 4-0 0.2 ..

Z-'; 1.-| 3.117 .2. ,4 .- .1f4 fl . r, /,. . .1.r 9 .1 S. 1 r7 16.0 4.

We5 f1.9 7 s. --- 7. 0 S .7 . & 44 4.4 9. __ 2t ~ 0 44 7 w

AUGT. 218 0000 2.- 3.3 4 5.1 9 b•. L LI g. 1 2 . l- &.? .519 4.1. IT 2.- I . .-" 4.3 4.
z-d 440 SA I'.4 'tt._i_2 1 A; 7 9 (0 +. 14.7 2.0 O.2. o.7 3,7 3 .1.

N-,0, F- 3o.0 1.0 3.o .1 57.4- i . 0• q.1 1.0 4-1 12. 1 & .9 .4 S7 A, 2-

5EY-. 4. 3 00s .0 '..5 It* 4.. 4 ..4 7.. ..2 .74 1 $.4 I ( .4 7of 3.9

0 -5. 4.- 4 .3 7.- o.7 4 131:4.,L I, .I .0 . 42 2.. .1 20 07 1,0 4,I.

N-K4 5.6 4.0 0. 5IA a. SI 4 .1 50. 0..3 441. 5.5 1 % 91iS 4 1 .2 . A.10 / 11.7 j6u to.4 1. .4 £ S?

*-. .uG. 2.5 1200 x -f Z. ) - 21.7 7 .) 9 1 f.0 1A.L 4@L 4.I 2.7 1.. 0.. ".,, 0 a4 , ..0 &

s-UG.1.4� IA i4 41�-�. 1.2 Ii' 4A( .9. a . .• ... A .. 7. 1 , 4. . 4

I-i -,1, . 7 L& 4- 1 S .? 4 .6 4.¶ " 1. 7 I. 1 .4 0 .4 ,. 3..

3 14.1 3. . 10. I 7I A3 G .t-• 1, I I Ip . A us -. t CA 5a. 0. , 83.3 . S, 7 '. 4.4 ISA 1 .4 %1 1S

B&.5 0 Z -C Oq .I 4 .o 6- .4 t.t • 12,r 4.3 4 L 4 ~ 9 1 .1 ,"€ 4v 4.,S 0o, 0.1 0.9 O• . 13
31 -1w 1I.4 6,.1 0- .1[ 4 . 51 1. A.o 0.q 1.q 7.1 I.i, j.• t.2.'•¢ . 4.

D A 1 0 -r L.0 ')IA S-3, 4.,L i0 .? U i-#1- .. 3.7 31 dj .&t 0 48 S3
"-6I. 5, m. Isq 0. *.1 0. 1.1 Aý 4 . t or J*5 1. 08

0. Ij 2o 1% . (I ; K.= 5

SE ,T. I I 4o ooo %-r7.. oI• •4 |. •'•tk . '4 . ~ . 0.1 0.3- 0.f ~
tq-& ý 1 0. 4 t. I).Q 1& 3. .3, % I 4s- ,, 7 1-, 0 5. 7 3.0 -5. 7 4-1 •q S-.1 ,.4 7.1

X-ti • I .A. 5 .V 7 .1- 5 .7 .411%- 1VJ k -A J.• C 1.36 1.* 0.1 0".7 1,.0. . .



-23-

o zoocoo

0) 0O 000

0- J& 0 0400

iiI 00000J

0P4

000 040

000

00w 0 00

r C



-914-

2ANLU Ill Amnc* £DI AL

Grw Aiplitu~s

An 20o 1950 1800 1.62 1.93 2.99 00.5w O %. R.3

"M 3.0M 4 :. 1 9 4.
18 . 33, 62 o.72 4.5
"1 2.R 2,9. 3••9 0.69 isI17

setu,1950 m0oo 2.75 37.9 16.5 o.060 1,62 14 93
AW 4s759 . , 7.12 0.h7

sept 22,1990 %W0 6.51 992 9.61 0.68 : 49
Wo6.71 9.09 12-3b 0.99 1.145 *

sps 15,1950 a00 1495 1,6 2,414 0j 1.17 14,90
ow P0 al P.07ý1 0:. 1:72 19
12W 2.914 350. 0 0.12 1 4 0

Ce % 13,15 000 MO. 43 2.9b 2.U 0.AS .1g TOW

D~e 5,190 ow0 4.oo 6.145 7:9, 0.50 1.38 N.63
am0 4-3j0 6.13 7.T 0.5 Lo 31 3.91

5.pt 11, 1951 0000 1.52 8.28 2.214 0.68 1.19 6.114
0600 1.90 2.75 2.72. 0.70 1.20
1200 2 -W 3.01 i.61 0.71 .1,14 6A

(Trace Axplitude-.u)
Am~ 20,1950 21400 2.34 4i.50 3.245 0.68 0.93 4. Ib

M821 0600 5.03 9.83 b.99 0.73 0,657 3.5
1200 5.Ob 9.06 b.17 0.82 Q,98 ý2
180 5 iL 1o.144 6.32 0.82 0.78 14,27
21400 14.02 7.36 14.T9 0.814 0.m 11.91



-25-

SV. 003'AARZ•S 07 0CQVTD D0CHTKA AJYROACH
DIZ-O?0P VV• 0ISrff SMW•IM •IOTIM

FaLISAOeS

Ren~ D~cttnAnal* rub-
Ref ined Dirsotton tended at

Doias.nt Direatina of UStorm Station
Date GOM • •adsat For GrIW1J Center IW' Itom

derees EdngwS dMosln
Avg ?,D1950 100 a UP 53TS 74

1200 16 53Y.636120 a I I3~ Ios 7
24M0 1351 1571 11

$opt 11,1950 low u 531.1 13010

o6oo is
1200 as 1343 11 99

Ocpt 13295 0000 11 13413 S;Fz3

1220 a 5113 17711

iest 11951 00o0 U 1361 Nun!
0600 Is vnz 1431

1200 13 1353 22

S20,1950 200 0 3n se7a 91

A122 00 m ms3 37T1 990

1200' 11391 6a2

1800 n 8am5 59
a1ao 811571 3-5



L

-26-

'TA W t 0TI , A..St ? =W0 IM hJDI AL VA"I APPqA=

Ang1e Wib-
Direetion Use as

Iladivu Vai' of Mtem Stattio
1mOC? wue h Diregtions .Ater_ b2 IIgmr _

dep~s ia daiegm

Supt 1,1950 1952 S1~3,s6s,vu 5363 103

UP~ 18.1930 1150 7333,1263".1. 22

cot 1)4I950 0033 1361,12t1 go2 30

Do 5,4W30 1217 M,$22. 1773 99

Set11,1951 120 *%516 'u,%&3,1' 3612 29

W, 21,1950 1759 2.1,5189,S1a1,slu 1652 59



_ ii
84

-• 7..

$I

I1



-28-

Fig, 2. anpirio&2 ourr, of the ratio
of the me•n horizntal to the mean
vertioal wzpl~tudes plotted against
Iean period.
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Mouiuof AI •D... Croseom

Fig. 3, A, V. I o•ol observed and
theoretical data ror pl.itudo ratioa
and period@



-29-

I1 . . T I T'

EW

L

S

D

N

2e-34w 41-- 4 1U 4 P -4 9 '

Fig. 4. One minute trace portions from the Pa.iusales
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FI. 6' rartl part-cle. trajectories for Bilected ,tcrooelaais
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